ILLUSTRATIONS
The standard unit for transmissivity is cubic foot per day per square foot times foot of aquifer thickness. In this report, the mathematically reduced form, foot squared per day, is used for convenience.
INTRODUCTION
The city of Natchez, located in Adams County, Mississippi, relies on ground water for public supply and industrial needs. Most public supply and industrial wells are developed in Catahoula Formation sands of Miocene age. In 1982, about 7.4 million gallons of water per day was withdrawn from the Catahoula aquifer system in Adams County (Boswell and Bednar, 1985) . Currently (March 1995), more than 9 million gallons of water per day is withdrawn from the Catahoula aquifer system in the Natchez area alone. Increased ground-water withdrawals from a growing population and the development of new industries may increase water-level declines and affect water quality. In 1991, the U.S. Geological Survey, in cooperation with the Mississippi Department of Environmental Quality, Office of Land and Water Resources (OLWR), began an investigation to describe the hydrogeology, to analyze the effects of groundwater withdrawal from currently pumped wells, and to project the possible effects of increased ground-water withdrawals on water levels in the Catahoula aquifer system within the Natchez area. This report presents the results of that study.
General Setting of the Study Area
The study area covers about 80 square miles in Adams County, southwestern Mississippi ( fig. 1 ). The area is located in the Mississippi Alluvial Plain and the Bluff Hills of the Gulf Coastal Plain physiographic province (Fenneman, 1938) . Most of the study area is hilly due to the erosion of loess deposits; however, a broad flat alluvial plain formed by the Mississippi River is located in the western part of the study area. The mean annual temperature at Natchez is about 64.4 degrees Fahrenheit; annual precipitation is about 53.4 inches (National Weather Service, oral commun., 1995) .
Previous Investigations
Previous investigations that include all or part of the study area have been published by Stephenson and others, (1928); Vestal (1942) ; Callahan and others (1963,1964) ; Childress and others (1976) ; Boswell and Bednar (1985) ; and Martin and Whiteman (1989) . 
HYDROGEOLOGY
The study area contains several aquifers; however, the most important aquifers in terms of water supply are the Mississippi River alluvial aquifer and the Catahoula aquifer system (fig. 2) . The Catahoula aquifer system consists of three main sand intervals in the study area, although some of the uppermost sand may belong to the Hattiesburg Formation in parts of the study area (E.H. Boswell, OLWR, oral commun., 1995) . The Catahoula aquifer system is the focus of this investigation.
The Catahoula Aquifer System
The Catahoula Formation is described by May and Marble (1976) as being fluvial to marginal-deltaic in depositional origin, with sediments probably representing a regressive, of flap sequence. The formation mainly consists of deltaic silt and clay deposited in a low energy environment, and intervals of sand deposited in a high energy environment. In the Natchez area, the Catahoula Formation contains three main sand intervals that are referred to as the 400-foot, 600-foot, and 1,000-foot sands (Callahan and others, 1963; Boswell and Bednar, 1985) and correspond to the upper, middle, and lower Catahoula Formation sands, respectively. These three sand intervals comprise the Catahoula aquifer system in the Natchez area ( fig. 3 ). Because the sand intervals are southward dipping, depths are variable, and assignment of a sand bed into a particular sand interval is determined by the interval's altitude above the Glendon Limestone: the upper, middle, and lower sand intervals average 1,100 feet, 900 feet, and 650 feet above the limestone, respectively (Boswell and Bednar, 1985) . The Catahoula aquifers are described by Boswell and Bednar (1985) as being under confined conditions in the study area. The base of freshwater ranges from about 500 feet below sea level in the northern part of the study area, to about 800 feet below sea level in the southern part. Recharge probably occurs in outcrop areas northeast of Natchez. Locally, ground-water movement is toward pumping wells; regionally, ground-water movement generally is westward. Analysis of the flow system indicates regional discharge is upward into the central and western parts of the Mississippi River valley in southern Louisiana (Martin and Whiteman, 1989) . The Miocene aquifers are highly permeable; however, aquifer thickness and transmissivity are highly variable within the study area. Transmissivities from aquifer tests range from 2,000 to 16,000 feet squared per day.
Ground-Water Withdrawal
Ground-water withdrawal from the Catahoula aquifer system in the study area currently (March 1995) is from 24 wells screened in the upper, middle, and lower sands of the Catahoula Formation. Information regarding each well is listed in table 1. Values of transmissivity listed are either from an aquifer test at the well site or are estimated using the value of transmissivity from the nearest test site. Test values (mostly singleborehole tests) come from currently pumping wells (table 1) and from wells that are no longer in use. Pumpage for the wells represents an average steady pumping rate, or the rate at which the wells would be pumped if the pumps ran continuously throughout the year. The current daily rate of withdrawal is about 9.2 million gallons of water per day. The total time the wells have been pumped (table 1) is calculated through March 1995.
ANALYSIS OF GROUND-WATER WITHDRAWAL
Analysis of the effect of ground-water withdrawal from the 24 wells listed in table 1 was made by applying the Theis nonequilibrium equation to each of the three Catahoula sand intervals in the study area to calculate drawdown. This method is applicable because pumping tests and water-level data indicate that the aquifers are confined and generally non-leaky in the study area. The Theis nonequilibrium equation computes drawdown in a confined aquifer for a given time at a specified distance from a pumping well. To perform the analysis, pumpage from the well, the length of time pumping occurred, and the transmissivity and storage coefficient of the aquifer must be known. The equation given by Theis (1935) is of the form:
where h0 is the initial head (length) at some distance r (length) from the well, h is the head (length) at some time t (time), s is the resulting drawdown (length), Q is the pumping rate (length cubed per time), T is the transmissivity (length squared per time), and S is the storage coefficient (dimensionless).
The Theis nonequilibrium equation is a solution to the radial form of the diffusion equation for a given set of initial and boundary conditions. Because the diffusion equation is linear, the principle of superposition can be applied to determine the total drawdown caused by multiple wells being pumped simultaneously by summing the drawdown determined for each individual well.
The study area was discretized into three equally spaced grids representing the upper, middle, and lower Catahoula Formation sand intervals. Each grid cell was 500 feet on a side for a total of 9,000 cells in each grid (figs. 4-6) . This discretization provided the resolution necessary to delineate the drawdown surface caused by pumpage from multiple wells, and to position each well in the center of a cell. The Theis nonequilibrium equation was applied at the center of each cell for each well in a particular layer using numerical approximations. Drawdown for each well in each cell was summed and plotted on a map (figs. 7-9). Drawdown was calculated using a well radius of 1 foot in cells that contained a well. The calculated drawdown does not account for drawdown caused by other factors, such as turbulent flow, regional water-level declines, or previously existing wells. A storage coefficient of 0.0002 was used for each well in the analysis. 
Analysis of Current Conditions
Drawdown analysis for current conditions was made using the Theis nonequilibrium equation with pumpage through March 1995 and information listed in table 1. The calculated drawdown surfaces indicate cones of depression surrounding the principal wells. In the upper Catahoula sand ( fig. 7 ) most of the drawdown is concentrated about 1 mile east of the downtown Natchez area, where a maximum drawdown of 95 feet was calculated. Most of the drawdown in the middle Catahoula sand ( fig. 8 ) occurred in the same general vicinity as the upper sand, with a maximum calculated drawdown of about 113 feet. Significant drawdown also occurred in the middle sand about 3 miles southwest of downtown Natchez due to relatively low transmissivity values in the area. Drawdown in the lower Catahoula sand ( fig. 9 ) was concentrated about 4 miles northeast of downtown Natchez, with a maximum calculated drawdown of about 31 feet. Water-level measurements in the Natchez area indicate that the potentiometric surfaces of the upper, middle, and lower Catahoula aquifers are greater than 100,200, and 600 feet, repectively, above the top of the water-bearing sands. A generalized view of drawdown in all three sands is shown in figure 10 .
Sensitivity Analyses
The Theis nonequilibrium equation was applied using the value of transmissivity determined from an aquifer test or estimated for each individual well. An alternative method would be to assume a single average value of transmissivity for all of the wells; however, error likely is reduced by using site-specific values of transmissivity for each individual well (Strom and Oakley, 1995) because calculated drawdown is greatest at the center of a well and decreases exponentially with distance from the well. However, because the Theis nonequilibrium equation is based on the assumption of a homogeneous aquifer, and because site-specific values of transmissivity were used for each individual well, sensitivity analyses were performed using the geometric mean of the test-determined values of transmissivity for each sand interval.
A geometric mean transmissivity of 6,000 feet squared per day for the upper Catahoula sand resulted in an average calculated drawdown about 3 feet less than the drawdown values calculated using site-specific values of transmissivity. A maximum difference of about 13 feet less than the drawdown values calculated using site-specific values of transmissivity occurred at well C063 ( fig. 4 ) due to the relatively large difference between the test-determined and geometric mean value of transmissivity. Differences up to about 9 feet less than the drawdown values calculated using sitespecific values of transmissivity also occurred in the vicinity of wells C015 and C016. A geometric mean transmissivity of 4,300 feet squared per day for the middle Catahoula sand resulted in an average calculated drawdown about 4 feet less than the drawdown values calculated using site-specific values of transmissivity. Maximum differences from about 18 to 23 feet less than the drawdown values calculated using site-specific values of transmissivity occurred at wells C034, C35, and C48, and about 18 feet more than the drawdown values calculated using site-specific values of transmissivity occurred at well C073 ( fig. 5 ) due to the relatively large differences between the test-determined and geometric mean value of transmissivity. A geometric mean transmissivity of 12,500 feet squared per day for the lower Catahoula sand resulted in an average calculated drawdown about 2 feet greater than the drawdown values calculated using site-specific values of transmissivity. The maximum difference of about 5 feet greater than the drawdown values calculated using site-specific values of transmissivity occurred at all of the pumping wells except D040, which had a maximum difference of about 3 feet ( fig. 6 ). Because storage coefficient data were limited, a sensitivity analysis of the change in the storage coefficient was made. Decreasing the storage coefficient from 0.0002 to 0.0001 resulted in an increase in drawdown of about 4.5,5.9, and 1.4 feet for current conditions for the upper, middle, and lower Catahoula sands, respectively. Increasing the storage coefficient from 0.0002 to 0.0003 resulted in a decrease in drawdown of about 2.6,3.4, and 0.8 feet for current conditions for the upper, middle, and lower Catahoula sands, respectively.
Projected Effects of Ground-Water Withdrawals
Projected drawdown-surface maps based on current pumping rates were made for 10 years and 20 years beyond March 1995. Several major changes in the pumping configuration are planned by the city of Natchez in the near future; table 2 lists relevant information regarding the planned addition of several new wells. Planned locations for the new wells are shown on figure 4 and figure 6. In addition, wells C3, C5, C7, C31, C32, C48, C73, and C64 are expected to discontinue production in May 1996. These changes in the pumping configuration were incorporated into the projection analyses. The projection analyses determined the total drawdown caused by pumping the existing and planned wells 10 and 20 years beyond March 1995; however, water-level recoveries are to be expected for the upper and middle Catahoula sands where wells are planned to be taken out of production. Table 2 . Estimated data used in projection analyses for planned wells in the Natchez area The drawdown surface calculated for 10 years beyond March 1995 indicates an average total increase in drawdown of about 7.3 feet for the upper Catahoula sand ( fig. 11) , with a maximum increase of about 28 feet at the planned location of well 4 ( fig. 4  and table 2 ). An average total increase in drawdown of only 1.2 feet was calculated for the middle Catahoula sand ( fig. 12 ) due to the planned discontinued pumping of many of the wells. An average total increase in drawdown of about 19 feet was calculated for the lower Catahoula sand ( fig. 13) , with a maximum increase of about 41 feet at the planned locations of wells 1,2, and 3 ( fig. 6 and table 2 ). The drawdown surface calculated for 20 years beyond March 1995 (figs. 14-16) indicates an average total additional increase in drawdown over the 10-year estimates of about 1.9,0.6, and 2.7 feet for the upper, middle, and lower Catahoula sands, respectively. Projection analyses are based on the assumption that the planned new wells will have properties similar to those listed in table 2. However, if the completion date of the planned wells is as much as 1 year later than anticipated, the drawdown surfaces calculated for 10 years beyond current conditions would be less than 0.3 foot different than the values calculated above.
Because drawdown and pumpage have a linear relation in the Theis nonequilibrium equation, the projection maps may be used for extrapolation or interpolation of drawdown for other pumping rates. For example, the calculated drawdown for current conditions at well C063 ( fig. 4 ) is about 71 feet ( fig. 7) . After 10 years of pumpage beyond March 1995, the calculated drawdown is about 79 feet (fig. 11) ; therefore, total additional drawdown is 8 feet. If pumpage were increased by 50 percent for all of the wells for the 10-year period, the total additional drawdown at well C063 would be 1.5 times 8, or 12 feet, resulting in a total drawdown of about 91 feet.
Limitations of the Analysis
To correctly apply the Theis nonequilibrium equation in the drawdown analyses, several assumptions were made: (1) the upper, middle, and lower sand intervals of the Catahoula Formation are confined and infinite in extent, (2) wells are of infinitesimal diameter and fully penetrate the aquifer, (3) water is released instantaneously from the aquifer with decline in head, (4) the aquifer is homogeneous and isotropic, and (5) there are no contributions of water from overlying or underlying aquifers. The first assumption is valid if the extent of the aquifer is large compared to the extent of the drawdown cones of the pumping wells. If impermeable geologic boundaries are reached by the drawdown cones, however, computed drawdown will be less than actual drawdown. Nearby sources of recharge would cause computed drawdown to be greater than actual drawdown. The second assumption ignores any storage in the well, which is a reasonable assumption for long-term analyses in which the total water pumped is large relative to wellbore storage. Wells in the study area generally were screened the entire thickness of the sand interval. The third assumption is valid for the confined case, but would be invalid if water-table conditions were encountered. The fourth assumption was made for the analysis of each individual well; however, aquifer tests indicated variations in transmissivity. Because site-specific aquifer properties were used at each individual well, the drawdown calculated near each well probably is a better approximation than if a constant value of transmissivity were applied to all wells. According to the fifth assumption, the clay and silt confining layers are impermeable. The calculated drawdown will be greater than the actual drawdown if water moves through the confining layers into the aquifers.
The drawdowns calculated herein do not necessarily represent precise drawdowns observed in the field. Calculated drawdown is for the currently pumping wells and does not account for drawdown caused by previously existing wells or regional water-level declines; however, the calculated drawdowns provide a guide for estimating drawdown trends that may occur in the future. Water-level recoveries are to be expected for the upper and middle Catahoula sand intervals if numerous wells discontinue pumping. Projection analyses are based on the assumption that the planned new wells will have properties similar to those listed in table 2.
SUMMARY
The city of Natchez, located in Adams County, Mississippi, relies on ground water for public supply and industrial needs. Most public-supply and industrial wells are developed in Catahoula Formation sands of Miocene age. The U.S. Geological Survey, in cooperation with the Mississippi Department of Environmental Quality, Office of Land and Water Resources, began an investigation to describe the hydrogeology, analyze the effects of ground-water withdrawal from currently pumped wells, and project the possible effects of increased ground-water withdrawals on water levels in the Catahoula aquifer system within the Natchez area.
The study area covers about 80 square miles in Adams County, southwestern Mississippi. The study area contains several aquifers; however, the most important aquifers in terms of water supply are the Mississippi River alluvial aquifer and the Catahoula aquifer system. In the Natchez area, the Catahoula Formation contains three principal sand intervals that are referred to as the 400-foot, 600-foot, and 1,000-foot sands and correspond to the upper, middle, arid lower Catahoula Formation, respectively.
Ground-water withdrawal from the Catahoula aquifer system in the study area currently (March 1995) is from 24 wells screened in the upper, middle, and lower sands of the Catahoula Formation. The current daily rate of withdrawal is about 9.2 million gallons of water per day. Analysis of the effect of ground-water withdrawal from the wells was made using the Theis nonequilibrium equation and applying the principle of superposition. The study area was discretized into three equally spaced grids, and drawdown was calculated at the center of each cell. Analysis of current conditions was based on the pumpage through March 1995 and the aquifer properties determined for each well. The calculated drawdown surfaces indicate cones of depression surrounding the principal wells. In the upper Catahoula sand most of the drawdown is concentrated about 1 mile east of the downtown Natchez area, where a maximum drawdown of 95 feet was calculated. Most of the drawdown in the middle Catahoula sand occurred in the same general vicinity as in the upper sand, with a maximum calculated drawdown of about 113 feet. Drawdown in the lower Catahoula sand was centered about 4 miles northeast of downtown Natchez, with a maximum calculated drawdown of about 31 feet.
Drawdown-surface maps were made using calculations based on current pumping rates for 10 years and 20 years beyond March 1995. Planned changes in the pumping configuration were incorporated into these analyses. The drawdown surface calculated for 10 years beyond March 1995 indicates an average total increase in drawdown of about 7.3 feet for the upper Catahoula sand, with a maximum increase of about 28 feet. An average total increase in drawdown of only 1.2 feet was calculated for the middle Catahoula sand due to the planned discontinued pumping of many of the wells. An average total increase in drawdown of about 19 feet was calculated for the lower Catahoula sand, with a maximum increase of about 41 feet. The drawdown surface calculated for 20 years beyond March 1995 indicates an average total additional increase in drawdown over the 10-year calculations of about 1.9,0.6, and 2.7 feet for the upper, middle, and lower Catahoula sands, respectively.
